Hepatocellular carcinoma (HCC) is the third leading cause of cancer deaths worldwide. Patients diagnosed with HCC have a very low 5-year survival rate (\<15%) because of late diagnosis and impaired liver function.[@b1] It is refractory to most chemotherapeutic treatment regimes, and there is a lack of an effective molecularly targeted therapy. Sorafenib, for example, extends survival unsatisfactorily by approximately 2 months, according to two large multicenter randomized clinical studies.[@b2], [@b3] Furthermore, there have been no oncogenic addiction loops discovered for HCC so far,[@b1] in contrast to other cancers such as lung (with ALK rearrangement) and breast (BRCA1/2 mutations) cancers, which likely reflects the complexity of gene interactions and diverse pathways involved in HCC. Thus, understanding the mechanisms underlying the development and progression of HCC is a critical first step toward novel effective HCC treatments.

The importance of metabolic reprogramming in HCC and other cancers has been increasingly appreciated in the past decade.[@b4] Several recent metabolomic studies have shown an increase in glycolysis (Warburg effect) and accelerated beta-oxidation in HCC tumors compared with adjacent nontumor tissues.[@b5]--[@b7] The idea of targeting cancer metabolism for HCC treatment is further supported by clinical findings that embolization therapy, especially transarterial chemoembolization, which deprives blood supply predominantly to the tumor, improves 2-year survival of patients with unresectable HCC.[@b8]

A transcription factor belonging to the CCAAT/enhancer-binding protein family, C/EBPα, is involved in cellular differentiation and energy metabolism.[@b9] Previous studies found that C/EBPα-null mice died postnatally of hypoglycemia,[@b10] while liver-specific C/EBPα-null mice exhibited glucose intolerance, serum cholesterol reduction, and steatotic livers.[@b11] We recently reported that C/EBPα was up-regulated in a subset of human HCCs and promoted cell growth in HCC cell lines.[@b12] We hypothesized that C/EBPα up-regulation may play an important role in cancer cell metabolism during HCC development.

Materials and Methods
=====================

The full methods for the sub-G~1~ assay, western blotting, quantitative reverse-transcription polymerase chain reaction, gene microarray profiling, and small interfering RNA (siRNA) sequences for gene knockdown assays are available in the Supporting Information.

Samples and Immunohistochemical Staining
----------------------------------------

The study was approved by the National University of Singapore\'s Institutional Review Board (NUS-IRB 09-244). The HCC tissue microarrays consisted of 191 patients with HCC who were diagnosed between the years 1990 and 2009 at the National University Hospital of Singapore. Expression of C/EBPα protein was determined by immunohistochemistry using 1:50 diluted rabbit polyclonal antibody (\#2295; Cell Signaling Technology, Danvers, MA), as described.[@b12] Immunostaining was scored on a four-tiered grading system, with \<10% of liver cells staining indicating negative and 10%--40% positively scored as 1, 41%--70% as 2, and 71%--100% as 3.

Statistical Analysis
--------------------

Experimental differences were analyzed by SPSS software package (version 22.0) using the two-tailed *t* test or chi-squared analysis. Survival analyses were performed using Kaplan-Meier and multivariate Cox regression models. Patients who died within 2 weeks after surgery were excluded from the survival analysis. Statistical significance was defined as *P* \< 0.05.

Ectopic Xenograft Tumor Development
-----------------------------------

The protocol was approved by National University of Singapore\'s Institutional Animal Care and Use Committee (092-04). A total of 16 male Balb/c nude mice at 7 weeks old were purchased from Biological Resource Center (Singapore) and separated randomly into two groups. Five million C/EBPα-expressing cells (Hep3B and stable negative control shNC) and C/EBPα-silenced stable cells (sh4 and sh7) were inoculated subcutaneously into the left or right flank of mice. Xenograft tumor growth was observed for 30 days.

Cell Culture and Treatments
---------------------------

Cell lines were cultured in Dulbecco\'s modified Eagle\'s medium (with 4.5 g/L glucose and 4.0 mM l-glutamine) with 10% fetal bovine serum.[@b12] Dulbecco\'s modified Eagle\'s medium (glucose- and glutamine-free), Earle\'s Balanced Salt Solution (with 1 g/L glucose) medium, and chemicals (simvastatin, C75, diethylum-belliferyl phosphate, etomoxir, ranolazine, chloroquine) were purchased from Sigma-Aldrich (St. Louis, MO). Cells were washed with phosphate-buffered saline twice before starvation.

Gene Silencing and Overexpression
---------------------------------

Stable Hep3B and PLC/PRF/5 cells silenced for C/EBPα expression were generated as described previously[@b12] and maintained using 2 µg/mL puromycin (Sigma-Aldrich). Stable HCC-M cells with inducible C/EBPα expression were generated using an inducible plasmid downstream of metallothionein promoter, a kind gift from Dr. A.D. Friedman (Johns Hopkins University, Baltimore, MD).[@b13] Cells were maintained in 500 µg/mL Geneticin G418 (Sigma-Aldrich) and induced by treatment of 100 µM zinc chloride. Synthetic Stealth or Silencer siRNA targeting C/EBPα, ATG7, or TMEM166 was purchased from Life Technologies (Carlsbad, CA) and transducted as before.[@b12] The plasmids used for TMEM166 overexpression were kindly provided by Dr. Yingyu Chen (Peking University, Beijing, China).[@b14]

Biochemical Determination of Intracellular Metabolites
------------------------------------------------------

Five million cells were starved and homogenized. Biochemical assays (Biovision, Milpitas, CA) of adenosine triphosphate, pyruvate, glycogen, triglyceride, and acetyl-coenzyme A were conducted according to prescribed protocols and measured using a Varioskan Flash multimode plate reader (ThermoFisher Scientific, Waltham, MA). Fatty acid beta-oxidation rates were determined as described.[@b15]

Metabolic Measurement of Oxygen Consumption Rate
------------------------------------------------

Oxygen consumption rates (OCR) were measured with XF-24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA). Twenty thousand cells were assayed in the XF medium (nonbuffered Dulbecco\'s modified Eagle\'s medium with or without 25 mM glucose and 2 mM l-glutamine) under basal conditions and in response to 100 µM ranolazine (or chloroquine \[CQ\]) and mitochondrial poisons (1 µM oligomycin, 1 µM fluorocarbonyl cyanide phenylhydrazone, 1 µM rotenone, and 1 µM antimycin A).

Results
=======

Up-Regulation of C/EBPα Predicted Poorer HCC Prognosis
------------------------------------------------------

We analyzed C/EBPα protein expression in 191 pairs of human primary HCC and adjacent nontumor liver tissues by immunohistochemistry. The C/EBPα protein was up-regulated in 76.4% of HCC samples (Supporting [Table S1](#sd1){ref-type="supplementary-material"}), independent of hepatitis B and C viral infection status (Fig. [1A](#fig01){ref-type="fig"}), and other clinicopathological parameters (Supporting [Table S2](#sd1){ref-type="supplementary-material"}). More importantly, HCC patients with up-regulated C/EBPα had poorer overall prognoses than those without (*P* = 0.017; Fig. [1B](#fig01){ref-type="fig"}). The higher the C/EBPα expressed in HCCs compared with adjacent nontumor tissues, the poorer the prognosis (*P* = 0.029; Fig. [1C](#fig01){ref-type="fig"}). The patients with the highest up-regulation of C/EBPα expression (difference between tumor and nontumor tissue = 3) had the worst prognosis (*P* = 0.009) compared to those without expression (difference between tumor and nontumor tissue ≤ 0). In addition, the level of C/EBPα protein expressed in HCC tissues itself (*P* = 0.018; Supporting [Fig. S1](#sd1){ref-type="supplementary-material"}), but not that in adjacent nontumor liver tissues (*P* = 0.543), was correlated to poorer survival.

![Up-regulation of C/EBPα in human primary HCC tissues predicted poorer patient survival. (A) The C/EBPα protein was determined by immunohistochemical staining in HCC tissue microarrays and is summarized in the right panel. (B) A Kaplan-Meier survival analysis showed that the patients with upregulated C/EBPα had poorer overall survival. (C) The HCC patients were ranked into four different groups according to the difference between C/EBPα expression in tumor (TU) and in nontumor (NT) tissues, with 0 for no difference and 3 for the highest up-regulation. The number of patients analyzed in each group and *P* values are indicated. (D,E) Kaplan-Meier curves showed the overall survival of HCC patients subgrouped by C/EBPα and serum AFP level (D) or C/EBPα and vascular invasion (E). Disc, discordant risk assessments: high C/EBPα expression and low risk predicted by AFP (\<300 ng/mL)/vascular invasion or vice versa. Abbreviations: HBV, hepatitis B virus; HCV, hepatitis C virus.](hep0061-0965-f1){#fig01}

We performed a multivariate Cox regression analysis to determine whether the correlation of C/EBPα with patient survival was confounded by underlying clinical parameters. Up-regulation of C/EBPα (hazard ratio = 5.116, 95% confidence interval 1.188-22.026; *P* = 0.028) as well as serum α-fetoprotein (AFP) level and microscopic vascular invasion were independent prognosticators of patient survival (Table[1](#tbl1){ref-type="table"}, lower panel). Next, we determined whether C/EBPα could improve prognostic prediction by combining with AFP or vascular invasion. The combination of C/EBPα up-regulation with either high AFP levels or vascular invasion predicted poorer prognosis compared to the absence of C/EBPα up-regulation with either low AFP levels or no vascular invasion and the discordant groups (*P* \< 0.0001; Fig. [1D](#fig01){ref-type="fig"}, [E](#fig01){ref-type="fig"}). Specifically, there were trends that C/EBPα up-regulation discriminated poorer survival outcomes among patients with low serum AFP of \<300 ng/mL (*P* = 0.062; Supporting [Fig. S1C](#sd1){ref-type="supplementary-material"}) or microscopic vascular invasion (*P* = 0.039; Supporting [Fig. S1F](#sd1){ref-type="supplementary-material"}). Taken together, C/EBPα up-regulation may improve HCC clinical risk stratification.

###### 

C/EBPα Independently Predicted Poorer Overall Survival in Primary HCC Patients

  Molecular and Clinical Variables              Number of Cases   Hazard Ratio(95% Confidence Interval)   *P* Value
  --------------------------------------------- ----------------- --------------------------------------- -----------
  Univariate analysis (Cox: enter)                                                                        
  C/EBPα (no change vs. up-regulation)          42/137             3.690 (1.131-12.038)                   0.030
  Serum AFP (\<300 vs. ≥300 ng/mL)              114/48            3.637 (1.866-7.013)                      0.0002
  Age (\<50 vs. ≥50)                            47/135            0.739 (0.371-1.472)                     0.390
  Gender (male vs. female)                      150/37            0.456 (0.232-0.897)                     0.023
  Diabetes (no vs. yes)                         133/47            0.504 (0.210-1.213)                     0.126
  HBV (no vs. yes)                              60/117            1.062 (0.522-2.159)                     0.868
  HCV (no vs. yes)                              167/12            0.494 (0.068-3.603)                     0.486
  Cirrhosis (no vs. yes)                        87/100            1.056 (0.553-2.015)                     0.868
  Tumor size (\<5 vs. ≥5 cm)                    89/95             2.581 (1.263-5.275)                     0.009
  Number of nodules (single vs. multiple)       129/58            0.619 (0.314-1.222)                     0.167
  TNM staging (I vs. II, III, and IV)           87/91             2.952 (1.477-5.897)                     0.002
  Microscopic lymphatic invasion (no vs. yes)   76/14             1.410 (0.312-6.373)                     0.655
  Microscopic vascular invasion (no vs. yes)    99/57              4.836 (2.252-10.386)                    \<0.0001
  Steatosis (\< 5% vs. ≥5%)                     163/24            0.560 (0.172-1.825)                     0.336
  Fibrosis (no vs. yes)                         151/36            0.874 (0.399-1.916)                     0.874
  Tumor encapsulation (no vs. yes)              40/68             0.576 (0.209-1.590)                     0.287
  Tumor necrosis (no vs. yes)                   93/93             1.028 (0.539-1.961)                     0.933
  Multivariate analysis (Cox: forward LR)                                                                 
  C/EBPα (no change vs. up-regulation)          29/103             5.116 (1.188-22.026)                   0.028
  Serum AFP (≤300 vs. \>300 ng/mL)              94/38             4.238 (1.958-9.170)                      0.0002
  Microscopic vascular invasion (no vs. yes)    82/50              5.577 (2.391-13.012)                    \<0.0001

Correlations of HCC patient overall survival with C/EBPα expression level and clinical factors were analyzed by univariate and multivariate Cox analyses. The factors significant in the univariate Cox model were included in the multivariate Cox model, and only three factors including C/EBPα were finally enrolled.

Abbreviations: HBV, hepatitis B virus; HCV, hepatitis C virus.

To exclude the possibility that C/EBPα was mutated in HCC as observed in acute myeloid leukemia (AML),[@b9] we sequenced the full-length coding region of CEBPA genomic DNA from 26 pairs of HCC samples and found no mutations in any of the samples (data not shown). Furthermore, the protein expression of C/EBPα in HCCs was correlated with mRNA levels (Supporting [Fig. S2](#sd1){ref-type="supplementary-material"}), supporting our conclusion that C/EBPα was up-regulated in HCC.

C/EBPα Protected Cells Against Cell Death *In Vivo* and *In Vitro*
------------------------------------------------------------------

We used an ectopic xenograft model in Balb/c nude mice to investigate the effect of C/EBPα on tumor development *in vivo*. Cells expressing C/EBPα (Hep3B, shNC---"control" Hep3B cells with stable incorporation of scrambled shRNA) and C/EBPα-silenced cells (sh4 and sh7---Hep3B cells stably silenced for C/EBPα expression) were inoculated subcutaneously into the left or right flank of nude mice, respectively. After 30 days, solid tumor nodules developed only in the side injected with C/EBPα-expressing cells (Hep3B and shNC) but not in the side with C/EBPα-silenced cells (sh4 and sh7; Fig. [2A](#fig02){ref-type="fig"}). Interestingly, the silenced cells were able to develop five transient small tumor nodules from a total of 16 inoculations. However, tumor growth was not sustained and disappeared within 2 weeks after inoculation. Histopathological examination in a follow-up study showed that the transient nodules which developed from C/EBPα-silenced cells had extensive necrosis in the nodular core (Fig. [2B](#fig02){ref-type="fig"}).

![We found that C/EBPα was required for generation of xenograft tumor. (A) Five million C/EBPα-expressing cells (Hep3B and stable negative control shNC) and C/EBPα--silenced stable cells (sh4 and sh7) were inoculated into the left or right flank, respectively, in Balb/c nude mice. After 30 days of observation, solid tumor nodules were removed from dead mice. Tumor size was determined by a caliper and calculated using the formula volume = (width × width × length)/2. \**P* \< 0.01. The numbers of solid nodules developed at day 30 are shown above. (B) Solid nodules were collected from dead mice at different days and subjected to hematoxylin and eosin staining. Representative histopathological hematoxylin and eosin--stained images with 4× and 20× magnification are shown. Arrows indicate regions impaired by necrotic cell death. H&E, hematoxylin and eosin.](hep0061-0965-f2){#fig02}

Nutrient deprivation may occur during solid tumor development, at a phase prior to neoangiogenesis, or in cells that are farthest away from the blood supply. In this context, it is noteworthy that the absence of C/EBPα protein in human HCCs tended to be correlated with necrosis, especially in small-sized HCC nodules (Table[2](#tbl2){ref-type="table"}). Among HCCs without C/EBPα expression, tumor necrosis was found in no less than 50% of all tumor sizes compared with HCCs expressing C/EBPα (14.3% for tumor size \<1.5 cm \[*P* = 0.023\], 22.7% for 3.0 cm \[*P* = 0.058\], and 34.9% for 5.0 cm \[*P* = 0.227\]). Although limited by the small sample size, these preliminary findings suggest that C/EBPα may protect HCC cells from cell death in tumor development.

###### 

More Necrosis Was Observed in C/EBPα-Absent Primary HCC Tissues

  Tumor Necrosis                     C/EBPα in Tumor   
  ---------------------------------- ----------------- ------------
  Tumor Size ≤1.5 cm (*P* = 0.023)                     
   No                                0                 6
   Yes                               2 (100%)          1 (14.3%)
  Tumor Size ≤3.0 cm (*P* = 0.058)                     
   No                                3                 34
   Yes                               4 (57.1%)         10 (22.7%)
  Tumor Size ≤5.0 cm (*P* = 0.277)                     
   No                                7                 56
   Yes                               7 (50.0%)         30 (34.9%)

We compared the percentage of necrosis found between HCC tumors with and without C/EBPα. The statistical difference was determined by Pearson\'s chi-squared analysis. The number of cases involved and *P* values are indicated.

We next observed that C/EBPα-expressing cells were able to survive in nutrient-poor conditions *in vitro* when the culture medium was not changed or supplemented for weeks, in contrast to C/EBPα-silenced cells, which completely died (Supporting [Fig. S3A](#sd1){ref-type="supplementary-material"}). We therefore hypothesized that C/EBPα endowed cells with a metabolic advantage, especially in a nutrient-poor environment, during tumor development. We demonstrated that knockdown of C/EBPα in Hep3B (Fig. [3A](#fig03){ref-type="fig"}, [B](#fig03){ref-type="fig"}; Supporting [Fig. S3B](#sd1){ref-type="supplementary-material"}) or PLC/5 (Supporting [Fig. S3C](#sd1){ref-type="supplementary-material"}) sensitized the cells to energy starvation (glucose and glutamine double deprivation) induced cell death. Similarly, the C/EBPα-deficient HepG2 and HCC-M cells, but not the expressing Hep3B and Huh7 cells, were sensitive to energy starvation (Fig. [3C](#fig03){ref-type="fig"}, [D](#fig03){ref-type="fig"}). More importantly, this sensitization effect could be replicated even in a hypoxic environment (Supporting [Fig. S3D](#sd1){ref-type="supplementary-material"}). On the other hand, overexpression of C/EBPα using a metallothionein-inducible promoter system[@b13] in the C/EBPα-deficient HCC-M cells resulted in partial protection against starvation-induced cell death (Fig. [3E](#fig03){ref-type="fig"}).

![Hepatocarcinoma cells were protected from energy starvation--induced cell death by C/EBPα. (A) The stable C/EBPα-expressing shNC control cells and C/EBPα--silenced cells (sh4 and sh7) were starved in glucose- and glutamine-free Dulbecco\'s modified Eagle\'s medium (Glu+Gln starvation) for 2 days. Cell images are shown in the upper panel, followed by cell cycle profiles with the proportion of sub-G~1~ dead cells indicated as mean ± standard deviation. Western blotting in the lower panel shows the expression of C/EBPα. (B) Cells were starved in glucose- and glutamine-free Dulbecco\'s modified Eagle\'s medium, fetal bovine serum--free Dulbecco\'s modified Eagle\'s medium, or fetal bovine serum-- and amino acid--double free Earle\'s Balanced Salt Solution medium for 2 days. (C,D) The C/EBPα-expressing Hep3B and Huh7 and C/EBPα-deficient HepG2 and HCC-M cells were starved as above. (E) Overexpression of C/EBPα using a metallothionein inducible promoter system (induced by 100 µM zinc chloride) in C/EBPα-deficient HCC-M cells resulted in partial protection against starvation-induced cell death. \**P* \< 0.05 compared with cells cultured in full medium. Abbreviations: FBS, fetal bovine serum; EBSS, Earle\'s Balanced Salt Solution; MT, metallothionein.](hep0061-0965-f3){#fig03}

Lipid Catabolism Was Essential for C/EBPα-Mediated Protection
-------------------------------------------------------------

To find out how C/EBPα-expressing cells survived during energy starvation, we examined the time-dependent changes of key energy metabolites in the two different cell types. The C/EBPα-silenced sh4 and sh7 cells were depleted of adenosine triphosphate after 12 hours starvation (Fig. [4A](#fig04){ref-type="fig"}). In contrast, the C/EBPα-expressing Hep3B and shNC cells maintained adenosine triphosphate concentrations at up to 50% of the basal level at 12 hours. Pyruvate, the final product of glycolysis, was also decreased at a higher rate in C/EBPα-silenced cells (Supporting [Fig. S4A](#sd1){ref-type="supplementary-material"}). Glycogen, the carbohydrate energy reserve, was consumed at the same rate in both cell types during the first 4 hours but depleted in C/EBPα-silenced cells at later time points (Supporting [Fig. S4A](#sd1){ref-type="supplementary-material"}), possibly due to lower basal levels. Strikingly, the kinetics by which C/EBPα-expressing and C/EBPα-silenced cells utilized triglyceride (the lipid form of energy reserve) was different. In the C/EBPα-expressing cells, triglyceride was stored at a higher basal level and maintained unchanged after 12-hour starvation but decreased in a time-dependent manner from day 2 to day 7 (Fig. [4B](#fig04){ref-type="fig"}). In contrast, the C/EBPα-silenced (sh4 and sh7) and C/EBPα-deficient (HepG2) cells increased triglyceride two-fold despite cell death occurring (Fig. [4B](#fig04){ref-type="fig"}; Supporting [Fig. S4B](#sd1){ref-type="supplementary-material"}). Lastly, C/EBPα-expressing cells had higher starvation-induced lipid catabolism (as evidenced by a higher fatty acid beta-oxidation rate and an increased acetyl-coenzyme A level) compared with silenced cells (Fig. [4C](#fig04){ref-type="fig"}). The lipid mobilization kinetics suggests that lipid biosynthesis was terminated and lipid catabolism switched on in C/EBPα-expressing cells, but not in C/EBPα-silenced cells, during starvation.

![Lipid catabolism was essential for C/EBPα-mediated protection against energy starvation. Cells expressing C/EBPα (Hep3B and shNC) and C/EBPα-silenced stable cells (sh4 and sh7) were starved in glucose- and glutamine-free medium. The intracellular levels of adenosine triphosphate (A) and triglyceride (B) were determined in a time course. (C) Fatty acid beta-oxidation rates in Hep3B and sh4 cells were determined after 2-hour starvation. Intracellular levels of acetyl-coenzyme A were determined as in A. (D) The Hep3B cells were either pretreated with the liposynthesis inhibitor C75 (5 µg/mL), simvastatin (statin, 10 µM), and diethylum-belliferyl phosphate (50 µM) for 2 weeks before starvation or treated with the fatty acid beta-oxidation inhibitor etomoxir and ranolazine in starvation medium for 3 days. Dead cells were determined by sub-G~1~ assay as above. \**P* \< 0.05 compared with the corresponding Hep3B and shNC cells of the same time point, *\#P* \< 0.05 compared with unstarved cells. (E) Oxygen consumption rates in Hep3B shNC cells were determined by Seahorse mitochondrial stress analysis, under basal conditions and in response to the indicated inhibitors (n = 4). Basal and maximum respiration rates are summarized in the right panel. \**P* \< 0.05 compared with resting cells, *\#P* \< 0.05 compared with the corresponding starved cells. Abbreviations: ATP, adenosine triphosphate; CoA, coenzyme A; DEBP, diethylum-belliferyl phosphate; Eto, etomoxir; Rano, ranolazine; DMSO, dimethyl sulfoxide; FCCP, fluorocarbonyl cyanide phenylhydrazone; Rot+AA, rotenone and antimycin A; FU, full medium; OCR, oxygen consumption rate.](hep0061-0965-f4){#fig04}

To further investigate the role of lipid metabolism in cell survival, we used pharmacological inhibitors to decrease either lipid anabolism or lipid catabolism. Pretreatment of Hep3B cells with C75 (fatty acid synthase inhibitor), simvastatin (3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor), or diethylum-belliferyl phosphate (cholesterol esterase inhibitor) decreased (but did not deplete) intracellular lipid content (Supporting [Fig. S4C](#sd1){ref-type="supplementary-material"}). Simvastatin and diethylum-belliferyl phosphate, but not C75, mildly increased starvation-induced cell death (around 30%; Fig. [4D](#fig04){ref-type="fig"}). In contrast, specific inhibition of fatty acid beta-oxidation by etomoxir or ranolazine significantly sensitized Hep3B cells to cell death in a dose-dependent manner (60%--90%; Fig. [4C](#fig04){ref-type="fig"}). To confirm the role of beta-oxidation, we further determined the changes of mitochondrial oxygen respiration. Ranolazine treatment, especially in the absence of glucose, significantly impaired basal oxygen consumption and maximum spare respiratory capacity (Fig. [4E](#fig04){ref-type="fig"}), as described.[@b16] These results collectively indicate that lipid catabolism is important for C/EBPα-involved cell survival.

Autophagy Was Required for C/EBPα-Mediated Lipid Catabolism and Protection
--------------------------------------------------------------------------

It has been reported that autophagy is essential for lipid catabolism during nutrient deprivation.[@b17] We thus investigated the possible role of autophagy in C/EBPα-mediated lipid catabolism and cell survival. The C/EBPα-expressing cells had higher basal levels of LC3-II than the C/EBPα-silenced or -deficient cells (compare lanes 3 versus 7 and 11 in Fig. [5A](#fig05){ref-type="fig"} and lanes 7 versus 3 and 11 in Fig. [5B](#fig05){ref-type="fig"}). More importantly, cotreatment of CQ (a lysosomotropic agent that prevents endosomal acidification and lysosomal enzymatic activity) further increased starvation-induced LC3-II expression, a hallmark of autophagy induction (also called LC3 flux;[@b18] compare lanes 4 versus 3 in Fig. [5A](#fig05){ref-type="fig"} and lanes 8 versus 7 in Fig. [5B](#fig05){ref-type="fig"}) in C/EBPα-expressing cells. These results suggest that autophagy was induced in C/EBPα-expressing cells but not in C/EBPα-silenced or -deficient cells.

![Autophagy was essential for C/EBPα-mediated lipid catabolism and protection against starvation. (A) Cells expressing C/EBPα (shNC) and C/EBPα-silenced stable cells (sh4 and sh7) were treated with or without 25 µM of the lysosomal inhibitor CQ in glucose- and glutamine-free medium for 3 hours. Flux of LC3-II was determined by western blotting. (B) Cells expressing C/EBPα (Hep3B) and C/EBPα-deficient HepG2 and HCC-M cells were treated as in A. (C) The Hep3B cells were silenced of ATG7 or C/EBPα by specific siRNAs for 2 days before starvation treatment (siNC for nonspecific siRNA) for 3 days. Dead cells were determined by sub-G~1~ assay (left panel) and the proteins by western blotting (right panel). (D,E) The Hep3B cells were starved with or without CQ for 2 days. Dead cells were determined (D), and the intracellular triglyceride level was calculated as in Fig. [3B](#fig03){ref-type="fig"}. (F) The shNC and sh4 cells were starved with or without CQ (100 µM). Fatty acid beta-oxidation rates were determined (left panel), and oxygen consumption rates were separately determined by mitochondrial stress assay (n = 4, right panel). Abbreviations: FU, full medium; NG, glucose- and glutamine-free medium; NS, nonspecific staining; DMSO, dimethyl sulfoxide.](hep0061-0965-f5){#fig05}

The essential role of autophagy in C/EBPα-mediated lipid catabolism and cell survival during energy starvation was further investigated by the following experiments. Firstly, knocking down the autophagy-essential gene ATG7 by specific siRNAs sensitized Hep3B cells to starvation-induced cell death, replicating the effect of C/EBPα-specific siRNA silencing (Fig. [5C](#fig05){ref-type="fig"}). Similarly, inhibition of autolysosomal activity by CQ treatment dose-dependently sensitized Hep3B cells to starvation-induced cell death (Fig. [5D](#fig05){ref-type="fig"}). Secondly, CQ treatment also increased the basal levels of intracellular triglyceride and prevented triglyceride utilization during energy starvation (Fig. [5E](#fig05){ref-type="fig"}), indicating the essential role of autophagy in lipid metabolism in both resting and starvation states. More importantly, CQ treatment metabolically decreased the basal and starvation-induced fatty acid beta-oxidation in the C/EBPα-expressing Hep3B cells (Fig. [5F](#fig05){ref-type="fig"}, left panel), which is consistent with a previous report.[@b17] This result was further supported by changes in the mitochondrial OCR. In the C/EBPα-expressing shNC cells, CQ pretreatment (100 µM for 2 hours) decreased the OCR in the resting state and further decreased it when the cells were energy-deprived (Fig. [5F](#fig05){ref-type="fig"}, right panel). In contrast, in the C/EBPα-silenced sh4 cells, CQ pretreatment failed to decrease the OCR in both states.

TMEM166 Was Responsible for C/EBPα-Mediated Autophagy Induction
---------------------------------------------------------------

Autophagy induction involves two common upstream signaling pathways: adenosine monophosphate--activated protein kinase (AMPK) and mammalian target of rapamycin. We showed that glucose and glutamine starvation caused AMPK activation (as shown by increased AMPK phosphorylation at thr172) and mammalian target of rapamycin deactivation (decreased S6 phosphorylation at ser235/236) in both C/EBPα-expressing and C/EBPα-silenced cells (Supporting [Fig. S5A](#sd1){ref-type="supplementary-material"}). This suggests that the alterations of these two pathways are independent of C/EBPα expression in the cells.

To identify the critical genes involved in autophagy that may be regulated by C/EBPα, we compared the transcriptomes obtained from C/EBPα-expressing cells versus C/EBPα-silenced or -deficient cells (Supporting [Fig. S6A](#sd1){ref-type="supplementary-material"}). Among 84 genes differentially expressed at least 10-fold, TMEM166 (EVA1A) has been reported to be associated with autophagy induction.[@b14] We confirmed that both TMEM166 mRNA and protein were up-regulated in C/EBPα-expressing cells (Fig. 6A; Supporting [Fig. S6B](#sd1){ref-type="supplementary-material"}). Knocking down TMEM166 by specific siRNAs inhibited starvation-induced autophagy (compare lanes 8 versus 7 and lanes 12 versus 11 in Fig. [6C](#fig06){ref-type="fig"}) and triglyceride catabolism (Fig. 6B; Supporting [Fig. S6C](#sd1){ref-type="supplementary-material"}) and subsequently sensitized significant cell death (Fig. [6D](#fig06){ref-type="fig"}). On the other hand, forced overexpression of TMEM166 in the low-expressing HCC-M cells restored autophagy induction (compare lanes 8 versus 7 and lanes 12 versus 11 in Fig. [6E](#fig06){ref-type="fig"}) and decreased p62 stability (another hallmark of autophagy induction). Overexpression of TMEM166 protected HCC-M cells from starvation-induced cell death (Fig. [6F](#fig06){ref-type="fig"}). Although TMEM overexpression increased beta-oxidation in HCC-M cells under resting and starvation conditions (Supporting [Fig. S6D](#sd1){ref-type="supplementary-material"}), it was not able to mediate the starvation-induced increase in beta-oxidation observed in the C/EBPα-expressing cells.

![In C/EBPα-expressing Hep3B cells TMEM166 was required for the induction of autophagy. (A) The TMEM166 protein was determined by western blotting in stable cell lines. (B-D) In Hep3B cells TMEM166 was silenced by specific siRNA before starvation. The sub-G~1~ cell deaths were determined (B), western blotting is shown (C), and intracellular triglyceride levels were measured (D). (E,F) The TMEM166 protein was overexpressed in the low-expressing HCC-M cells and then starved. Abbreviations: FU, full medium; NG, glucose- and glutamine-free medium.](hep0061-0965-f6){#fig06}

Discussion
==========

In this article, we have demonstrated that C/EBPα overexpression is correlated with poorer HCC overall survival (Fig. [1](#fig01){ref-type="fig"} and Table[1](#tbl1){ref-type="table"}). Expression of C/EBPα is also helpful for subdividing patients with different survival outcomes by combining with serum AFP or vascular invasion (Fig. [1](#fig01){ref-type="fig"}; Supporting [Fig. S1](#sd1){ref-type="supplementary-material"}). The results indicate that C/EBPα may be a useful prognosticator in HCC, either independently or in combination with serum AFP and vascular invasion. Although neither C/EBPα overexpression nor its level in tumor tissues was associated with recurrence (Supporting [Fig. S7](#sd1){ref-type="supplementary-material"}), we found that C/EBPα expression by HCC may be a stable trait of the tumor. In nine patients who had a second surgery to remove a recurrent tumor, C/EBPα levels in the recurrent tumors were not different from those in the primary tumors (*P* = 0.800; Supporting [Table S3](#sd1){ref-type="supplementary-material"}), regardless of the interval between resection of primary tumors and diagnosis of recurrence. Consistent with the primary HCC (Fig. [1](#fig01){ref-type="fig"}), patients with recurrent tumors and who had elevated C/EBPα expression in the primary tumor were more likely to have poorer overall survival (*P* = 0.047; Supporting [Fig. S7C](#sd1){ref-type="supplementary-material"}).

The negative correlation between C/EBPα expression and HCC survival is consistent with the better survival outcome observed in AML patients who had double-allele CEBPA mutations[@b19], [@b20] or decreased expression due to DNA hypermethylation.[@b21], [@b22] Strikingly, C/EBPα is reported as a tumor suppressor in AML because human CEBPA mutation predisposes one to familial AML[@b23] and mice carrying the engineered CEBPA alleles that only express p30 developed AML with complete penetrance.[@b24] The opposing roles of C/EBPα in oncogenesis in different types of cancer may be determined by a posttranslational phosphorylation switch. Phosphorylation of C/EBPα at ser190 (ser193 in mice homologue) is essential for its binding with cyclin-dependent kinases and growth inhibitory activity.[@b25] However, dephosphorylation by the PI3K/AKT-protein phosphatase 2 pathway switches C/EBPα to sequester Rb protein and releases E2F to promote cell growth.[@b25] We and others have shown that inhibition of C/EBPα dephosphorylation by treatment with AKT or phosphatase inhibitors could reverse this change and inhibit cell growth in HCC[@b12], [@b26] and prostate cancer cells.[@b27] However, the role of C/EBPα phosphorylation in human cancers is as yet undetermined.

During solid tumor development, cancer cells may experience limited nutrient and oxygen availability as a result of the distance to the vasculature and lack of neoangiogenesis.[@b4] We have convincingly showed that C/EBPα promoted cell survival in both *in vivo* tumor development (Fig. [2](#fig02){ref-type="fig"} for mice xenograft and Table[2](#tbl2){ref-type="table"} for human HCC) and *in vitro* cell studies (Fig. [3](#fig03){ref-type="fig"}). In contrast, the C/EBPα-silenced and C/EBPα-deficient cells were sensitive to glucose and glutamine double starvation under normoxia or hypoxia (Fig. [3](#fig03){ref-type="fig"}; Supporting [Fig. S3](#sd1){ref-type="supplementary-material"}). We found that the C/EBPα-dependent sensitization effect was specific to energy starvation because neither FBS nor amino acid deprivation could consistently kill the C/EBPα-deficient cells (Fig. [3B](#fig03){ref-type="fig"}, [D](#fig03){ref-type="fig"}). Similar to our findings, it has been reported that leukemia cells expressing C/EBPα or its mutant were resistant to Fas ligand--induced apoptosis by transcriptionally induced antiapoptotic Bcl-2 and FLIP.[@b13], [@b28] However, we did not observe increased expression of these two antiapoptotic molecules in the HCC cells, indicating that different molecular mechanisms against cell death are involved in HCC and leukemia.

Similar to other novel oncogenic signaling pathways uncovered for HCC,[@b7] we have shown that overexpressed C/EBPα endowed HCC cells with a metabolic advantage against energy deprivation, where glucose and glutamine had been removed. Our findings reinforce the results that C/EBPα is involved in glucose and lipid metabolism.[@b9]--[@b11] The higher baseline level of triglyceride in C/EBPα-expressing cells (Fig. [4A](#fig04){ref-type="fig"}; Supporting [Fig. S4B](#sd1){ref-type="supplementary-material"}) could be explained by the increased expression of several lipogenic enzymes (Supporting [Fig. S5B](#sd1){ref-type="supplementary-material"}, [C](#sd1){ref-type="supplementary-material"}), including long chain fatty acid coenzyme A 1, 3, and 4.[@b29], [@b30] However, the energetic switch from lipid biosynthesis to utilization (Fig. [4](#fig04){ref-type="fig"}) may result from enhanced phosphorylation of acetyl-coenzyme A carboxylase. Acetyl-coenzyme A carboxylase is essential for lipid biosynthesis; however, its phosphorylation at ser79 by the AMPK pathway in response to starvation switches off its bioactivity.[@b31] Strong acetyl-coenzyme A carboxylase phosphorylation was observed in the C/EBPα-expressing cells, but it became weaker at 4 hours and disappeared at 8 hours in the C/EBPα-silenced cells (Supporting [Fig. S4B](#sd1){ref-type="supplementary-material"}), despite higher AMPK phosphorylation observed at both time points (Supporting [Fig. S4A](#sd1){ref-type="supplementary-material"}). More importantly, it appears that the ability to mobilize triglyceride was the key factor in protecting cells from starvation-induced cell death. An increasing number of reports have shown that lipids are degraded by autophagy during starvation to maintain lipid homeostasis and energy balance.[@b17] We confirmed the importance of autophagy in C/EBPα-mediated lipid catabolism and cell survival by silencing the essential autophagy gene, ATG7, or by treating with CQ (Fig. [5](#fig05){ref-type="fig"}). From the differential genes regulated by C/EBPα, we identified that TMEM166 was involved in C/EBPα-mediated autophagy induction and protection of cells from energy deprivation (Fig. [6](#fig06){ref-type="fig"}). However, it appears that TMEM166 alone was not able to fully reconstitute the C/EBPα-mediated increase in beta-oxidation during energy deprivation in non-C/EBPα-expressing HCCM cells. It may be that TMEM166 facilitates autophagosome formation;[@b14] however, the exact mechanism is as yet unknown. Although we cannot exclude the possibility of other C/EBPα-regulated autophagic genes involved in responding to starvation, the results indicate that TMEM166 may, at least in part, explain the survival advantage of C/EBPα-expressing cells under starvation.

The molecular mechanisms involved in C/EBPα overexpression in HCC are as yet unclear. However, silencing C/EBPα (Fig. [3](#fig03){ref-type="fig"}) or inhibiting its downstream pathways (e.g., autophagy by CQ \[clinically approved for the treatment and prevention of malaria, Fig. [5](#fig05){ref-type="fig"}\]; beta-oxidation by etomoxir or ranolazine \[clinically approved for the treatment of angina, Fig. [4](#fig04){ref-type="fig"}\]) could significantly sensitize resistant HCC cells to energy starvation--induced cell death, suggesting C/EBPα as a potential therapeutic target in HCC. It is tempting to speculate that these findings could be applied to *in vivo* HCC therapy, such as antineoangiogenesis treatment which inhibits *de novo* tumor blood vessel formation to starve cancer cells and control cancer growth. Several antineoangiogenesis drugs (e.g., brivanib, ABT-869) are currently under HCC phase II or III clinical trials.[@b32], [@b33] Furthermore, these findings may also be applied to enhance the current use of embolization therapy. The blood supply of HCC tumors comes mainly (90%-100%) from the hepatic artery, while a normal liver has a dual blood supply, with 75%-85% from the portal vein and 20%-25% from the hepatic artery.[@b34] Hence, embolization of the hepatic artery deprives the blood supply predominantly to the tumor, while maintaining adequate blood supply to the normal liver. Embolization treatment, especially transarterial chemoembolization, proved to be effective in extending HCC patient survival.[@b8] How HCC patients respond differently to transarterial chemoembolization is as yet unknown. Thus, it will be interesting to learn whether targeting C/EBPα or its downstream autophagy-involved lipolysis pathway could further improve transarterial chemoembolization.

Taken together, C/EBPα is an independent prognosticator of HCC patient survival and a novel molecular target for HCC cell survival in HCC development and therapy. These findings may pave the way for a better understanding and management of HCC.

Author names in bold designate shared co-first authorship.

We thank Dr. A.D. Friedman (Johns Hopkins University, Baltimore, MD) for providing the inducible C/EBPα expression plasmid and Dr. Yingyu Chen (Peking University, Beijing, China) for the human TMEM166 plasmid.

Additional Supporting Information may be found at [onlinelibrary.wiley.com/doi/10.1002/hep.27593/suppinfo](http://onlinelibrary.wiley.com/doi/10.1002/hep.27593/suppinfo).

AFP

:   α-fetoprotein

AML
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